inhibits endogenous insulin secretion. For the most part, these regulatory effects of glucose and insulin have been observed during short-term experiments [1] [2] [3] [4] [5] [6] [7] [8] [9] . The effects of alterations in ambient glucose and insulin concentrations on insulin synthesis and secretion in the setting of chronic, longterm experiments have been considerably less well studied.
The HIT-T15 cell line is a clonal line of pancreatic islet beta cells derived from simian virus-40 transfection of Syrian hamster islets [10] . We and others [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] have previously demonstrated decrements in insulin mRNA, insulin content, and insulin secretion in HIT cells when they undergo continual passage for many months in media containing 11.1 mmol/1 glucose. We have demonstrated [13] that these effects I _ .g6E . Studies of insulin mRNA, insulin content and insulin secretion were carried out on passages 78, 79, 85, 87, 95, and 96. For conditions C, D, and E cells were incubated in media containing either 11.1 or 0.8 mmol/1 glucose for the final 16 h whereas the higher glucose concentration only was used for conditions A and B can be prevented by culturing the cells in media containing 0.8 mmol/1 glucose. This adverse effect of a high glucose concentration to deplete, and the beneficial effect of a low glucose concentration to preserve, insulin mRNA seems paradoxical at first glance. Nonetheless, we have also demonstrated that HIT cells chronically passed in high glucose concentrations have markedly diminished insulin gene transcription [14] . This appears to be caused by the loss of the ability of older cells cultured in high glucose to form a specific nuclear protein-DNA complex with the insulin gene. These adverse effects on transcription and formation of the transcription factor-DNA complex are largely obviated by chronically culturing the cells in low rather than high glucose concentrations [14] .
Since the variable of insulin concentration during prolonged cell culture may be equally important, we have extended our previous studies to better characterize the time-related and concentration-dependent effects of insulin on insulin gene expression during continuous passing of HIT cells in media containing variable concentrations of glucose.
Materials and methods
Cell culture: All cultures of HIT-T15 cells were routinely grown in 5 % CO2/95 % humidified air at 37 ~ C; maintained in RPMI-1640 o medium with no antibiotics and supplemented with 10 % fetal calf serum; passed once weekly following detachment using trypsin-EDTA; and fed every 48 h by changing the medium as previously described [11] . From passage 71 through 95, cells were split and continuously passed in five different culture media conditions (Fig. 1 ). Condition A: RPMI-1640 containing 11.1 mmol/1 glucose with no insulin added; Condition B: RPMI-1640 containing 11.1 retool/1 glucose with human insulin added to maintain a level in the culture medium approximately equal to insulin levels released by early passage cells (approximately 4,000 gU/ml); Condition C: RPMI-1640 containing 0.8 mmol/1 glucose with no insulin added; Condition D: RPMI-1640 containing0.8 mmol/1 glucose with insulin added to maintain a level of approximately 4,000 pU/ml in the culture medium; Condition E: 0.8 mmol/1 glucose with progressively less insulin added to mimic the gradual decrease in media insulin levels found over time in condition A. Cells from each passage were frozen for later use.
For measurement of insulin secretion, insulin content and insulin mRNA levels, representative frozen HIT cell stocks were taken at passages 77, 84 and 94, thawed, and allowed to recover for I week in their original respective culture condition (A-E). Two sets of studies were then performed as described below for passages 78, 85, 95 and 79, 87, 96 respectively.
Insulin secretion and insulin eontent:
To prepare the cells for insulin secretion studies, the cells cultured in the five conditions described above were subcultured for 48 h in 12-well plates. One plate each was used for conditions A and B and two plates each were used for conditions C, D and E. The cells were plated with 5 • 105 cells/well in 1.5 ml of their usual media. During the final 24 h of the experiment, one of the two plates containing media with 0.8 mmol/1 glucose (C, D and E) was changed to media with 11.1 retool/1 glucose (Fig. 1) .
Static insulin secretion in response to progressively increasing concentrations of glucose (0-5.6 retool/l) was examined with Glucose cells cultured in 12-well plates as previously described [7] . Insulin secretion and insulin content levels were normalized for protein content [15] .
Insulin mRNA: Cells subcultured at 10 x 106 cellsFF75-flasks in the same conditions as in the insulin secretion studies were detached with trypsin and washed twice with ice-cold Dulbecco's phosphate buffered saline. Total HIT-cell RNA was extracted as previously described [16] . To quantify the insulin mRNA (ppI mRNA), slot blot analysis was performed according to the method of White and Bancroft [17] . The membrane was hybridized with a 32p-labelled cDNA probe encoding Syrian hamster preproinsulin at 42 ~ C for 24 h in 50 % formamide, 5 x SSC, (sodiumchloride/0.015mol/1 sodiumcitrate) 2 x Denhardt's solution, 50mmol/1 sodium phosphate (pH6.5), 0.1mg/ml denatured salmon sperm DNA, 0.1 mg/ml yeast tRNA, and 0.1% SDS. The membrane was washed in 2 • SSC and 0.1% SDS three times for 10 min at room temperature, then in 0.2 • SSC and 0.1% SDS twice for 30min at 65~ The membrane was exposed to X-ray film (Kodak, X-Omat AR) for 16-24 h at -70 ~ Cwithintensifying screens. Anidenticalmembrahe was hybridized with 32-p-labelled human flactin cDNA probe. Insulin mRNA and flactin mRNA levels were quantitated from autoradiograms by computer-assisted videodensitomerry [18] . Relative amounts of insulin mRNA were normalized against corresponding amounts of flactin mRNA. The Syrian hamster preproinsulin probe was prepared from pshi 1, a generous gift of Dr. G.I.Bell, Howard Hughes Research Institute, University of Chicago [19] . The flactin cDNA probe was prepared with pHF flA-1 supplied by Dr. Kedes (University of Southern California School of Medicine, Los Angeles, Calif., USA) [20] . The insulin concentrations observed in tissue culture media after 24 h of culturing the cells under conditions A, B, C, D and E varied according to design (Fig. 2) . Insulin levels progressively decreased under A conditions but were maintained under C conditions, albeit at lower levels, with C values exceeding A values by P-90. The insulin levels found under B and D conditions indicated that the amount of exogenous insulin added to these cultures approximated the media insulin concentrations observed in early passages of A cells. Insulin le- As expected from our previous reports, HIT cells cultured in media containing 11.1 mmol/1 glucose (condition A) exhibited an approximate 6-7 fold insulin response in passage 78, but this response gradually diminished as cells approached passage 96 (Figs. 3-6 ). To ascertain whether the correspondingly lower levels of insulin in the tissue culture media which occurred with increasing passage contributed to the inability of the cells to synthesize and secrete insulin in response to glucose, we examined the effects of adding exogenous insulin in progressive amounts to the cell cultures as they were passed progressively through passage 96. The amount of insulin to be added was determined by measuring the insulin concentrations in the media of 563 cells for passage 70 grown under condition A. These cells, termed condition B, initially demonstrated in P-78 the magnitude of insulin response to glucose that was observed in cells grown under condition A. By passage 87, cells cultured under condition A were non-responsive to glucose whereas cells cultured under conditionB retained a small degree of responsiveness through passage 96 (Fig. 6 ). Cells cultured in media containing 0.8 mmol/1 glucose (condition C) retained intact insulin responses to glucose through passage 96. Initially, these C cells had approximately 50 % of the insulin secretion observed in A cells, although their responses also were approximately 6-7 fold over basal levels. By passage 85, C cells were clearly outperforming A and B cells, a feature that was retained through passage 95. To ascertain whether an insulin concentration similar to that found in the media of P-70 cells under A conditions would augment the preservation of glucose-induced insulin secretion in cells treated under C conditions, a constant amount of insulin was added to cells cultured in media containing 0.8 mmol/1 glucose (condition D). The D cells initially had insulin responses comparable to those of the C cells but thereafter tended to have less insulin secretion in response to glucose than the C cells, a feature that was quite obvious by passages 95 and 96 (Fig. 6) . Nonetheless, these cells retained responses to glucose through passage 96. In order to mimic more precisely the amount of insulin found in the media of cells treated under the A conditions through successive passages, progressively decreasing amounts of insulin were added to media containing 0.8 mmol/1 glucose (condition E) with increasing passage. The E cells initially had insulin responses to glucose comparable to those observed in C and D cells, and by passage 95 and 96 the magnitude of glucose-induced insulin secretion from E cells occupied an intermediate position between C and D cells (Fig. 6) .
Statistical analysis
In the afore mentioned experiments, all cells were sub-cultured in media containing 11.1 mmol/1 glucose during the fin a116 h before studies of static insulin se cretion in an attempt to uniformly maximize insulin synthesis. Companion studies (Table 1) were performed in which the final 16 h of subculturing was carried out in media containing 0.8 mmol/1 glucose for those cells that had been chronically passaged in media containing the lower glucose concentration (conditions C, D and E). Insulin content." As expected, cells passed under A conditons showed a progressive decrease in insulin content with progressive passage (Fig.7) . However, condition B had greater content than condition A by passages 95-96 (Fig. 7) . Passage C maintained the initial insulin content through passage 88, and then surpassed its earlier content by passage 95 and 96. Insulin content in passages D and E were generally greater than those observed in passages A and B by passage 88 and through passage 96. The maximal insulin secretory responses during static incubations of glucose of cells subcultured in this fashion generally maintained their position relative to one another but had less secretion than C, D and E cells subcultured in media containing 11.1 mmol/1 glucose.
Insulin mRNA: Levels of insulin m R N A (expressed either as raw data or as ratio relative to levels of betaactin m R N A ) generally corresponded with the level of insulin content (Figs. 8, 9 ). Cells passed under condition A showed a progressive decrease in m R N A levels whereas condition B provided retention of insulin m R N A levels through passage 96 (Fig. 9 ). Condition C showed no decrements in insulin m R N A levels; these were actually increased by passage 96. Conditions D and E provided relatively stable insulin m R N A levels throughout all of the passages.
Discussion
These studies were performed to examine whether insulin has variable time-related and concentration-dependent effects on insulin gene expression and secretion in HIT-T15 cells as they are passed over 25 weeks from passage 70 through passage 96. Consistent with earlier reports [10] [11] [12] [13] [14] , chronic passing of HIT cells in media containing a high glucose concentration (11.1 mmol/1) caused a progressive decline in insulin mRNA, insulin content and insulin secretion (conditions A and B). In contrast, use of a low glucose concentration (0.8 mmol/1) in the media preserved levels of insulin mRNA, insulin content and insulin secretion through passage 96 (conditions C, D and E). The novel information provided by the current study is that exogenous insulin added to long-term HIT-cell cultures also affects insulin mRNA, insulin content and insulin secretion. Adding exogenous insulin to mimic the insulin concentration found in the earlier passages of HIT cells cultured under A conditions brought about several effects. Insulin additions preserved levels of insulin m R N A in cells cultured in media containing a high glucose concentration (compare condition B with condition A). However, when media containing a low glucose concentration was used, addition of insulin was associated with lower levels of insulin m R N A (compare condition D and E to condition C), although these levels were still greater than those observed when cells were cultured in media containing a high glucose concentration without exogenous insulin (condition A).
These diverse effects of exogenous insulin on insulin gene expression were roughly similar to the effects observed for insulin content and insulin secretion under conditions A through E. The addition of exogenous insulin to the culture media was associated in the later passages with preserved but markedly diminished insulin secretion when cells were grown in media containing high glucose concentrations (compare condition B with condition A). The opposite was observed when cells were cultured in media containing a low glucose concentration, i. e., exogenous insulin tended to diminish the magnitude of insulin secretion in later passages (compare conditions D and E to C). Thus, it canbe concluded that exogenous insulin expresses a preservative effect on insulin mRNA, insulin content, and insulin secretion when HIT cells are cultured in media containing a high glucose concentration but lower levels of insulin mRNA, insulin content and insulin secretion when the cells are cultured in media containing low glucose concentrations. In all cases exogenous insulin sustained greater levels of insulin mRNA, insulin content, and insulin secretion than the instance wherein media containing a high concentration of glucose but no exogenous insulin was used.
The relevance of these observations to regulation of insulin gene expression and secretion in native beta cells can be only speculative since similar chronic longterm experiments have not been performed with cultured animal or human inslets. However, a recent publication by Eizirik et al. [21] suggested that exposure to high glucose concentrations for 1 week impairs function of human pancreatic islets. The information provided in our manuscript suggests that endogenous insulin secreted by cells into the media in which they are being cultured may exert its own independent effect on insulin synthesis and release. Since both the level of glucose provided in the media, as well as the amount of insulin secreted into media, can have variable time-related and concentration-dependent effects on insulin gene expression and secretion, these variables should be carefully considered when performing chronic, long-term experiments with beta-cell lines. Gordon et al. [22] and Yates et al. [23] reported that exogenous insulin used in vitro and in vivo can restore defective glucose-induced insulin secretion from islets of diabetic db/db mice. Our observation that exogenous insulin added to HIT cells cultured under high glucose conditions resulted in improved insulin secretion agrees with these previous findings and suggests that the mechanism may involve insulin gene expression. Whether or not these effects might involve insulin-like growth factor receptors is a reasonable consideration, but this issue was not addressed by us. It is also reasonable to question whether our observations are related to alterations in differentiation and growth of HIT cells during our experiments. In this regard we find no evidence for changes in growth rate when comparing conditions A and C [13] and preliminary, unreported work by us fails to detect changes in glucagon content or mRNA levels that can be induced by varying glucose concentrations studied over similar passage numbers. 
